Abstract. Sculptured porous Bragg Microcavities (BMs) formed by the successive stacking of columnar SiO 2 and TiO 2 thin films with zig-zag columnar microstructure are prepared by glancing angle deposition. These BMs act as wavelength dependent optical retarders. This optical behavior is attributed to a self-structuration mechanism involving a fence-bundling association of nanocolumns as observed by Focused Ion Beam Scanning Electron Microscopy. The retardance of these optically active BMs can be modulated by dynamic infiltration of their open porosity with vapors, liquids or solutions with different refractive indices. The tunable birefringence of these nanostructured photonic systems have been successfully simulated with a simple model that assumes that each layer within the BMs stack has uniaxial birefringence. This type of self-associated nanostructures has been incorporated to microfluidic chips for free label vapor and liquid sensing. Several examples of the detection performance of these chips, working either in reflection or transmission configuration, for the optical characterization of vapor and liquids of different refractive index and aqueous solutions of glucose flowing through the microfluidic chips are described.
Introduction
Thin film growth by physical vapor deposition methods such as electron beam, ion-beam evaporation, or magnetron sputtering in glancing angle deposition (GLAD) geometry can be used to fabricate fancy porous microstructured thin films. Several reviews have been written on this topic focusing either on the physics of the deposition process [1, 2] , their optical performance [3, 4] or other potential applications of the deposited porous materials [5, 6] .
One of the most interesting effects of GLAD is the capability to grow strongly birefringent or dichroic coatings because of the controlled anisotropic microstructure of the deposited materials. Thus porous columnar thin films (CTF) or more sophisticated sculptured thin films (STF) can be manufactured to work as retarders [7] , mirrors showing circular Bragg phenomenon [8, 9] , omnidirectional reflection mirrors [10] , or tunable circular polarizers [11] . However, a commonly claimed drawback for the implementation of the nanostructured GLAD thin films as reliable optical elements is precisely their high porosity and their associated optical instability due to ambient water vapor adsorption and condensation in the pores.
The motivation of this work is to convert this weakness in a strength for the development of label free vapor and liquid sensing devices based on a tunable fluidic actuated optics. Vapor or fluid sensors based on porous thin films have been proposed in the literature [12, 13, 14] . More specifically, fluid sensors have been proposed previously by Lakhtakia et al. [15] , high speed optical humidity sensors have been developed by Liu et al. [16] and several other authors have applied optically complex GLAD structures for the monitoring of liquids or vapors using different methods of interrogation [6] . In previous works we have also shown that 1D-photonic crystals and Bragg Microcavities (BM) formed by the successive stacking of porous TiO 2 and SiO 2 CTFs deposited by electron beam evaporation in a GLAD geometry change their optical behavior when they are infiltrated with liquids [17, 18, 19] . This response was dependent on the refractive index of the infiltrated liquid and we proposed using this effect for liquid monitoring [18] . An outstanding possibility by the fabrication of these structures is to make them either optically active or inactive with respect to the polarization of light [19] , a feature that has not been used previously in a systematic way for liquid or vapor detection. Thus, in the present work we provide a deeper insight into the birefringence behavior of some porous sculptured BM prepared by GLAD and discuss how to benefit from the ability of tuning their optical anisotropy to develop robust, cheap and reliable optofluidic transducers to monitor vapors and liquid solutions, these latter after their incorporation into microfluidic chips.
In general, glancing angle deposition of a vapor flux at low enough process pressures give rise to porous thin film growth with open porosity and anisotropic microstructure. If the mobility of the deposited moieties of material is weak, open regions are formed by the shadowing of the initial nucleation centers to the arriving flux of material. In the incidence plane (formed by the flux direction and normal to the sample surface) the competition between this shadowing mechanism and adatom mobility leads to the growth of tilted columns. On the other hand, in the direction perpendicular to the incidence plane, there is no shadowing and a homogeneous supply of vapor takes place. Thus, the columns fan out laterally due to the lack of shadowing perpendicular to the deposition plane inducing an enhanced connectivity of the deposited material in this direction. This anisotropic column aggregation is known as bundling. This phenomenon was thoroughly discussed in ref. [1] . Figure 1 shows a scheme of the deposition process and an ideal developed thin film microstructure.
If no movement is applied to the substrate during the GLAD process (as it is assumed in the description below), tilted columnar growth takes place. In general, this tilted columnar growth is considered a disadvantage for the development of optically active elements that are going to operate at normal incidence of the light. This is due to the fact that standard isolated column arrays present limited in-plane birefringence Δn, defined as the difference in effective refractive index for light incidence normal to the surface for polarizations either parallel n p or perpendicular n s (bundling direction) to the plane of incidence.
In a 3D coordinate system, n s = n 3 and n p = 1/sqrt(sin 2 ψ/n 1 2 +cos 2 ψ/n 2 2 ) where ψ is the column tilt angle, and n 1 , n 2 and n 3 the principal refractive indices of the film (n 1 along the column direction, n 2 in the direction perpendicular to the column direction in the plane of incidence and n 3 in the direction perpendicular to the deposition plane, see figure 1 ). Taking into account depolarization factors within an effective medium approximation it is expected that n 1 < n 3 < n 2 . This situation can be modified varying the standard GLAD protocol. Thus, for example, the so-called serial bideposition [20] , the use of substrates with a patterned surface or the use of increased process pressures may alter the lateral interconnection of material and therefore, the columnar growth to enhance in-plane birefringence. 
Sensing with birefringent porous BM optical elements
Although individual single material GLAD thin film architectures can be used to develop vapor or liquid sensing elements, the traditional optical multilayer design combined with CTF porous materials of different refractive index can be used to develop optical devices with enhanced sensitivity and robustness. In particular, BM are especially suited for the development of sensing elements. A BM consists of two Bragg mirrors separated by a central layer (cavity) whose thickness and refractive index is chosen to open a narrow transmission peak (defect peak) at the reflection band of the Bragg mirrors.
In this paper we report on sculptured porous BMs fabricated by the successive stacking of SiO 2 and TiO 2 CTF prepared by GLAD electron beam evaporation of SiO 2 or TiO pellets, respectively. Azimuthally turning the substrate by 180º for each deposited layer rendered a zigzag columnar growth microstructure. This zig-zag microstructure helps to produce samples with homogeneous thickness. The base pressure of the deposition equipment was 1.0x10 -6 mbar and the process pressure during film growth was 2x10 -4 mbar by intake of a O 2 leak to the chamber to warrant that the samples grow transparent (i.e., fully oxidized). The crucible-sample distance was about 50 cm, the deposition rate about 6 nm per minute, and the sample temperature during growth about 100ºC. The resulting zig-zag microstructure is clearly devised in the micrograph of Figure 2a (left) corresponding to a FIB-SEM cross section taken normal to the surface along the p direction (see inset). Meanwhile, the micrograph taken along the s direction, Figure 2a (right), shows that the nanocolumns are laterally associated and that this association covers the whole multilayer structure, i.e., it passes from one layer to the next even if the deposited materials are different. We have called this lateral association of nanocolumns moving along the whole microstructure of the BM and affecting different material layers as fence-bundling [19] . Figure 2b shows the transmittance at normal incidence of polarized light through the sculptured zig-zag BM. Note that the transmitted defect peak (in this case at 590-620 nm) varies its position and intensity depending on the orientation of the light polarization vector with respect to the optical axes of the sample. Thus, if the polarization of the light is aligned to the p axis of the sample, the transmitted peak is shifted by 23 nm to lower wavelength than for the alignment along the s axis. For intermediate orientations, a double peak is transmitted, confirming the birefringent behavior of the BM. To quantify the optical response of the BM we have developed an optical model to simulate the optical behaviour of this porous sculptured BM. For simplicity, we took each layer within the BM as a porous uniaxial birefringent media. A good consistency with experimental transmittance measurements was achieved considering a multilayer optical model with in-plane birefringence of Δn=0.150 for the TiO 2 layers and 0.043 for the SiO 2 layers of the BM. Note that these values are about the same than those reported for the same materials deposited as single layer in a serial bideposition process [20] . The consistency of the optical model is demonstrated by the equivalence of the experimental and simulated transmitted spectra reported in Figure 2c . In this experiment, normal incident polarized light impinges onto the sculptured BM and the transmitted light is analyzed with a second polarizer aligned either parallel (T uu ) or perpendicular (T ux ) to the polarization vector of the incident light for three azimuthal sample orientations: parallel to s, p or 45º off these main axes (i.e., azimuthal angle φ = 45º, see inset). The spectra reported in this figure can be interpreted in the following terms. For aligned polarizers and azimuthal sample orientation φ=45º, two resonant peaks are generated (red dashed curves in the top panel of Figure 2c ) and their separation can be taken as a measure of the optical activity of the system. By contrast, for the polarization vector of the incident light aligned parallel to the s or p azimuthal sample axis, a single defect peak located at different wavelengths was found. One of these peaks appears when the polarization vector of the impinging light aligns with the s sample direction and light travels through the slow optical axis (i.e., parallel to the bundling and presenting a higher refractive index), while the second occurs when the light travels through the fast optical axis with the polarization aligning the p direction (i.e., perpendicular to the bundling). The separation between these two single peaks is 23 nm, a displacement stemming from the combined effect of the optical transmittance of the sculptured BM and the different polarizability of the individual layers for the two optical axis. In particular, we link the observed higher polarizability in the single layers (and therefore a refractive index larger than in the orthogonal direction) to the enhanced connectivity of the material in this direction as observed in the FIB-SEM micrographs of Figure 2 . Other consequences of the birefringence of the BMs reported in Figure 2c refers to the results gathered in the middle and bottom panels. In concrete, when using crossed polarizers (i.e., T ux ), transmitted intensity was only observed when the optical axes of the sample are misaligned with respect the polarization of the incident light, reaching a maximum value for an orientation of the sample optical axis of 45º off the polarization of the incident light beam. It is noteworthy that the sculptured BM optically characterized in figure 2 acts as a quarter waveplate (i.e., when T uu =T ux ) at φ = 45º and wavelengths of 595 and 620 nm.
a) Vapor sensing
The previous analysis was performed with "as prepared" sculptured BMs, i.e., with their pores filled with air. According to effective medium theories, it is a reasonable assumption that the difference in polarizability between the s and p sample axis vary, as the open sample pores are partially or completely filled with condensed vapors or liquids. In the following, we describe how we can take adventure of this phenomenon for the development of effective vapor and liquid sensors based on optically active sculptured BM herewith discussed. It will be also shown that optical interrogation can be done by either transmission or reflection geometries, this latter opening the way for the use of these BMs as optofluidic transducers at the tip of optical fibers. 
E
Acetone vapor sensing experiments with the BM transductor were carried out in reflection mode. The geometry of the experimental set-up is outlined in the scheme of Figure 3a and a picture of the actual device is shown in Figure 3b . Polarized light is sent to the back side of the substrate with an angle of incidence of 75º. The porous sculptured BM transducer is placed facing the vapor source. The specular reflected light is analyzed with a second polarizer aligned parallel or crossed with respect to the polarization of the incident light. The sample optical axes are aligned 45º off the orientation of the polarizers. Using this working conditions, the BM was exposed to various partial pressures of acetone vapors by regulating its distance to the liquid level of a Beaker glass containing 50 cc of acetone. Reflected spectra were acquired at several distances between the acetone level and the BM with the orientation of the polarizers either aligned or crossed. Figure 3c and 3d shows the reflectance spectra of the resonant peak recorded, respectively, with aligned R uu or crossed R ux polarizers as the transducer approaches the acetone level. Figures 3e and 3f show the quantification (peak position, width, and intensity) as the BM transducer approaches or recedes the acetone level. , full width at half maximum (right axis) of the resonant peak and (f) intensity of the defect peak after crossed polarizers I(R ux ) at several distances BM-acetone level, for the BM approaching (full symbols) or receding (hollow symbols) from the liquid level.
The reported spectra reveal important changes in the position, shape and intensity of the resonant peak of the BM that we interpret as resulting from the progressive filling of their pores with condensed acetone vapor as its partial pressure increases towards the liquid surface. Figure 3c reveals a progressive redshift in the position of the double R uu resonant deep and a merging of the two components into one, particularly for distances liquid-transducer smaller than 35 mm. Correlated with this peak merging, Figure 3d shows identical progressive redshift of the resonant peak after cross polarizers R ux and a decrease of intensity of the reflected resonant peak for the shortest acetone-transducer distances. The process was reversible, though presenting some hysteresis, and the spectrum progressively recovered the initial shape and position when withdrawing the BM from the acetone. Figure 3e presents the position and the full width at half maximum (FWHM) of the resonant peak in Figure 3c , and Figure 3f the intensity of the resonant peak after cross polarizers I(R ux ), as the transducer approaches (full symbols) or recedes (hollow symbols) from the liquid level. According to our assumption of a progressive filling of the BM pores with condensed vapor of acetone, the initial red shift of the resonant peak taking place without a significant variation of the width and intensity of the resonant peak is consistent with the filling of micropores existing inside the nanocolumns [17] , while the mesopores between the bundling arrangement of the nanocolumns remain still empty. As the acetone vapor pressure increases by approaching the BM to the surface level, the two resonant peak components start to merge into a single component, a sign of the progressive loss of the birefringence of the system. We assume that under these conditions acetone is condensing in the mesopores and complete their filling for a separation between the transductor and the acetone level of 7 mm or less. Beyond this point, no further redshift or peak shrinking was detected, suggesting that the open pores of the BM have been completely filled with condensed acetone. It is also noteworthy that the receding curve shows a certain hysteresis that reminds the typical shape of adsorption isotherms of mesoporous materials [21] and that indicate a certain restriction for the ease of the vapors condensed in the pores. A first consequence of this experiment is that the sculptured BM can be used as vapor sensors by following the changes in resonant peak upon condensation into the pores. Furthermore, the obtained results support the existence of two types of pore sites within the BM. Micropores located within the nanocolumns whose filling does not affect significantly the in-plane birefringence of the system and mesopores between the columnar bundling arrangement whose filling decreases the optical activity of the system. In this regard, the series of spectra in Figure  3d taken with crossed polarizers provide additional information about the outlined progressive loss of optical activity when the larger pores of the system become filled with condensed vapors. Besides the expected redshift, the spectra taken at the shortest distances from the liquid surface reveals a drastic decrease in I(R ux ) intensity, which clearly confirm the loss of birefringence. From a practical point of view, the high sensitivity for detecting retardance changes following the variations in I(R ux ) (there is a factor 5 difference between the BM empty and fully filled of condensed acetone) supports the possibility of directly detecting vapor pressure changes with the Glucose Concentration (gr /I) sculptured BM transducer and a simple photodiode to measure light intensity. We will come back to this possibility in the next section where we discuss the use of the optically active sculptured BM for liquid sensing applications.
b) Microfluidic liquid sensing
The optically active BM hitherto described can also be used for microfluidic label free liquid sensing. In fact, the open porosity of these optical elements offers the possibility to develop robust sensing devices by flowing liquids through its structure. In particular, a possibility that we have explored is the incorporation of the BM into microfluidic chips to follow chemical reactions in which a change in refractive index of the initial reactants and final products take place. This is the case for example of fermentation processes, salinity variations or hydrocarbon mixtures evolution. To explore the liquid sensing capacity of the optically active BMs, we have analyzed the spectral evolution when this structure was immersed in glucose solutions of different concentrations. Figure 4a shows a series of reflectance after crossed polarizers R ux measurements and Figure 4b shows the variation of intensity ratio I(R ux )/I(R uu ) for several aqueous glucose solutions infiltrated within the pores of the BM. Regarding the sensitivity of the measurement system, it is noteworthy in this plot that a variation of 0.06 refractive index units (RIU) in the aqueous glucose solution (as it is the case between solutions of 0.0% and 36% brix; 1% brix = 1 gr sugar / 100 gr solution) corresponds to about a factor two of the I(R ux )/I(R uu ) ratio. Moreover, under the conservative assumption that differences in intensity ratio I(R ux )/I(R uu ) of 0.5% can be followed in this experiment, the system would be able to discern changes in 0.2% brix or 0.0003 RIU, similar to the sensitivity of any standard refractometer. The absence of any hysteresis as in the case of vapor sensing described above, further support the reliability of the liquid sensing process based on the optically active BM. To probe the capability of the previous measurement procedure to follow in real time dynamic processes in liquids, we have developed a complete system to follow in operando alcoholic fermentation processes. Fermentation takes place according to the reaction C 6 H 12 O 6 (glucose 180g) → 2 C 2 H 5 OH (ethanol 92g) + 2 CO 2 (88g). The refractive index n D (@587nm) at 25ºC of water and ethanol are 1.333 and 1.362, respectively, and their mixture will have a n D in between these two values). The scheme of the optical part of the apparatus is drawn in figure 5a and a picture of the actual prototype is presented in figure 5b (a patent claim protects this device and measurement system [21] . It is based on the evaluation of the change of the optical activity of the resonant peak of a porous sculptured BM when the liquid solution circulates through the sample pores. The optical part of the system, schematically presented in Figure 5a , consists of a beam of polarized light that impinges normal to the surface of a fluidic device that contains the BM. The light is supplied by a led with a wavelength selected to match the resonant peak of the optically active BM. In the scheme of the figure, the system works in transmission, and the polarization state of the transmitted light is analyzed with a polarizing beamsplitter cube that separates polarized light in their two components. An alternative design also exists for a reflection geometry. A virtue of this optical arrangement is to minimize/avoid the use of complex and expensive optical elements (light sources, wavelength analyzing tools, monocromators, or ellipsometers). The simple device is capable of following the evolution of the fermentation process without directly measuring the refractive index of the solution and without requiring an accurate description of the optical parameters of the BM. The measurement relies on determining the variation of the intensity ratio of the BM resonant peak I ux /I uu as the liquid process evolves. This allows an easy implementation together with common electronic appliances. Figure 6 b show a picture of the developed prototype set to follow fermentation processes) Porous sculptured Bragg microcavities prepared by e-beam evaporation GLAD by the stacking of successive layers of SiO 2 and TiO 2 with a zig-zag structural configuration present tunable birefringence (and therefore optical activity) when infiltrated with condensed vapors or liquids so they can as transducers for label free vapor and liquid sensing. The outstanding microstructural characteristics of their individual layers, their porosity and the peculiar lateral aggregation in a kind of a fence-bundling association confers them a tunable optical activity and the capacity to act as transducers for label free vapor and liquid sensing. We show that the change in birefringence upon condensed vapor infiltration can be used to follow hysteresis loops usually observed in adsorption isotherms, or to monitor the evolution of reactions in liquid phase when reactants and products have different refractive indices. The incorporation of the optically active BMs within a microfluidic chip has been used to monitor in situ and in real time the reaction evolution.
